It is shown that PL decays of these emissions at 2 K are faster than that of their I 6 and I 7 counterparts involving an A VB hole, which is interpreted as being due to energy relaxation of the hole assisted by acoustic phonons. From the magneto-PL measurements, values of effective Landé g factors for conduction electrons and B VB holes are determined as g e ¼ 1.91, g ZnO is a direct and wide bandgap semiconductor which continues to attract enormous attention as a promising material for a wide variety of applications, e.g., in highly efficient optoelectronic devices. 1 In spite of high interest and extensive research efforts, however, many fundamental properties of this material are not yet fully understood. For example, it is well known that the crystal field and spin-orbit interactions cause splitting of valence band (VB) states in ZnO into the so-called A, B, and C subbands. However, there has been a long-standing debate on the exact symmetry of these states, i.e., C 7 , C 9 , C 7 vs C 9 , C 7 , C 7 .
2-10 Only until most recently, the former ordering of the VB states became favored, based on first-principle band structure calculations 8 and detailed magneto-optical studies [10] [11] [12] of the donor bound excitons involving an A-VB hole (DX A ). These studies have also provided consistent information regarding the sign and value of the Landé g factor for the C 7 -hole. As to the properties of the B-VB subband, data available so far are rather scarce. 8, 13 The knowledge of these properties is important for successful applications of ZnO, as the population of the B-VB state rapidly increases with rising temperature because of the small A-B energy splitting of 4.5 meV and becomes substantial at temperatures relevant to device operation.
Similar to the A-VB state, the B-VB state could be studied via related optical transitions, such as transitions involving excited states of donor bound excitons where an A-VB hole is replaced by a hole from the B-VB (the so-called DX B ). This is shown schematically in Fig. 1(a Several undoped wurzite ZnO substrates were studied. PL measurements were carried at temperatures of 2-25 K in a magnetic field up to 10 T. Continuous-wave (cw) PL was excited by the 266 nm line of a solid state laser and was detected by a photomultiplier assembled with a 0.8-m monochromator. Time-resolved PL measurements were performed using a tunable Ti: sapphire pulsed laser with an excitation wavelength of 266 nm, a repetition rate of 76 MHz, and a pulse duration of $150 fs. Transient PL was detected by a streak camera combined with a 0.5 m monochromator.
Typical PL spectra measured at 9 and 15 K are shown in Fig. 2 emissions is found to increase with increasing temperature, reflecting increasing population of the B-VB holes. Moreover, the linewidths of I 6 B and I 7 B are significantly broader than that of I 6 and I 7 . For example, whereas the full-widthat-half-maximum of I 6 is 0.4 meV at 9 K, it is around 1 meV for I 6 B . In principle, such broadening may occur for excited states of bound excitons due to lifetime broadening 16 caused by fast energy relaxation down to their ground states.
To understand dynamics of I 6 B and I 7 B , we performed time-resolved PL measurements. Both transitions were found to exhibit very similar transient and magneto-optical properties indicative for their similar origin. Therefore, in the following discussion, we will concentrate on the I 6 -related emissions. Representative PL decays and temporal evolution of the I 6 B /I 6 ratio measured at 2 K and 15 K are shown in Fig. 2(b) . Both rising time and initial decay of I 6 B at 2 K are found to be substantially shorter than that for I 6 , whereas both emissions decay with a similar rate at a longer time (>0.4 ns) after the excitation pulse. Their PL transients become very similar at T ! 15 K. The observed transient behavior is in principle consistent with the origin of I 6 B as being from the excited state D 0 X B suggested in Ref. 15 . Indeed, the observed slower rising of I 6 indicates involvement of feeding processes, e.g., from the D 0 X B state, that are known to be efficient from PL excitation measurements. 7, 14 The initial fast decay of I 6 B at 2 K can then be interpreted as being related to the energy relaxation to the D . This process should be assisted by acoustic phonons since the energy splitting between the two exciton states is much smaller than the optical phonon energy of 72 meV. A characteristic time of $100-200 ps estimated for such relaxation process from our transient PL data is of the same order as the inter-VB hole relaxation time reported for CdSe and CdS. 17 After the thermalization process is completed, both states are expected to B as the rising time of I 6 is shorter than the fast component of the I 6 B decay. Moreover, one would expect that the energy relaxation between the B and A VB states should drive their populations towards the Boltzmann distribution, provided that the energy relaxation time is much shorter than the exciton recombination time. This is indeed observed at 15 K, where the I 6 B /I 6 ratio saturates with time at 0.07, i.e., close to the value of 0.034 expected in thermal equilibrium-see Fig.  2(b) . At 2K, however, the measured saturation value is around 0.02 which by far exceeds the thermal equilibrium value. Under the assumption that the I 6 B emission indeed originates from the D 0 X B state, this could be tentatively attributed to scattering/up-conversion processes which enhance the D 0 X B population. Though the exact origin of these processes is currently unclear, it is interesting to note that a similarly high population of the B-VB state was also observed in the transient PL spectra of CdSe and CdS. X, of which each will split into two components with their energy separations determined by the electron and hole g-factors, respectively. The electron g-factor g e is nearly isotropic whereas the effective hole g-factor g h is highly anisotropic and can be defined A that can be resolved in linear polarizations ( Fig. 1(c) ). This prediction was recently confirmed for the I 6 * and I 4 lines, 11 which unambiguously proved the C 7 character of the involved hole. In the Faraday geometry (Bkc, ckk), two circularly polarized optical transitions can be observed for D Fig. 1(b) . The other two transitions (dotted lines in Fig. 1(b) ) cannot be observed in the Faraday configuration but can become visible when B is not parallel to c.
Magneto-PL spectra from the investigated ZnO samples are shown in Fig. 3 . For clarity, only spectral ranges corresponding to the I 6 and I 6 B lines are shown. The field induced splitting of I 6 can be fully understood assuming that jg k h ðC 7 Þj < g e and is negative. The observation of four PL lines in the Voigt configuration by separately detecting linearly polarized PL in two cross polarizations (Fig. 3(c) ) unambiguously proves that I 6 involves a C 7 hole. By fitting the fan diagram and angular dependences of the observed Zeeman splitting, the electron and effective hole g factors can be deduced as g e ¼ 1.92, g As to the I 6 B line, only a small splitting was observed in the Faraday geometry by detecting r À and r þ polarizations (see Fig. 3(a) ). The splitting becomes apparent with increasing angle h (see Fig. 3(b) ). For h > 30
, one also notices an extra low energy PL component that gradually shifts to higher energies with increasing h. In the Voigt configuration, only two Zeeman components are observed for I 6 B , in sharp contrast to I 6 -see Fig. 3(c) . The energy positions of all observed components of I 6 B as a function of B and h are plotted in Fig. 4 .
The observed field and angular dependences of I 6 B (I 7 B ) are consistent with its assignment to D 0 X B . Indeed, the splitting of only two components in the Voigt configuration testifies that g ? h ¼ 0, i.e., the involved hole could belong to the C 9 VB state (see Fig. 1(c) ). The observed r À polarization and higher intensity of the high energy component of I 6 B in the Faraday configuration implies that this transition concerns the lower Zeeman-split level of D 0 X B , which in turn means that g but is close to the value of 1.95 previously reported for the B-VB hole from reflection measurements. 7 Our results, therefore, call for further theoretical studies of the B excitons in an applied magnetic field.
In conclusion, we have performed comprehensive timeresolved and magneto-PL studies of the I 6 B and I 7 B excitonic transitions previously attributed to neutral donor bound excitons involving a hole from the B VB. We show that the PL decays of these emissions are faster than those measured for the I 6 and I 7 transitions, which could be attributed to the intra VB energy relaxation assisted by acoustic phonons. The observed splitting of the I 6 B and I 7 B lines in an applied magnetic field suggests that these emissions originate from the D 
